In order to improve the endurance mileage and stability of an electric vehicle at the same time, a hierarchical coordinated control method of an in-wheel motor drive electric vehicle based on energy optimization is presented in this paper. The driving architecture of an in-wheel motor drive electric vehicle is developed, and a corresponding simulation model is established in CarSim software; then, the bicycle model of an electric vehicle is derived from vehicle dynamic equations. The energy-saving feasibility of an in-wheel motor drive electric vehicle is analyzed by a motor efficiency map, and on the basis of this, the hierarchical coordinated control method is proposed to achieve the simultaneous energy optimization control and stability control of the electric vehicle. The results show that the energy consumption is decreased by 32.41%, 45.92%, and 4.07% in different simulation manoeuver cases, and the vehicle stability can be ensured by the proposed control method.
Introduction
With the rapid development of automobile industry technology and the improvement of people's living standards, the production capacity, sales, and per-capita share of the automobile market are also increasing year by year [1] [2] [3] . In today's world, economic development and scientific and technological progress are undeniable mainstream value requirements and social development trends, but at the same time, the shortage of energy and environmental pollution problems are a point they can never ignore. With the aggravation of the global greenhouse effect, public opinion around the world has given more stringent expectations and standards on how to reduce vehicle emissions. How to break through the restrictions of energy shortage and environmental pollution, and how to mitigate the increasingly severe greenhouse effect, has become one of the key issues that cannot be ignored in the automotive industry [4] [5] [6] .
The most prominent advantage of electric vehicles is that they can reduce emissions or even achieve zero emissions [7] [8] [9] . At the same time, the electricity that they need is renewable energy. The development of electric vehicles will help alleviate a series of problems such as energy shortage, environmental pollution, and even greenhouse effects. Wang et al. [10] designed a novel optimal torque distribution method and applied it to the longitudinal motion control of an in-wheel motor drive electric vehicle with the load transfer being considered, and the simulation and experimental result validate that the vehicle energy efficiency has been improved. Chen et al. [11] proposed a whole energy control strategy according to the motor efficiency and traffic model, and obtained the global optimal vehicle speed requirement and driving torque distribution results to minimize the overall energy consumption. In recent years, electric vehicle batteries represented by lithium batteries have also ushered in explosive development, and the corresponding driving motor technology and automotive electronic control technology are becoming increasingly perfected and market-oriented, which also provides a better possibility for the rapid development of electric vehicles [12] [13] [14] . In this context, endurance mileage has become one of the most important factors restricting the popularity of electric vehicles, so it is necessary to study the energy optimization of electric vehicles. The in-wheel motor drive electric vehicle is a relatively new structure in the field of electric vehicles, which can be directly driven by four in-wheel motors. The driving torque of an in-wheel motor can be operated independently and has a shorter response time and higher precision than standard motors, which can provide the basis for the accurate electric drive control of the whole vehicle in real time, and provide more possibilities and freedom for active safety control [15] [16] [17] , stability control [18] [19] [20] [21] , and real-time torque control for energy-saving purposes [22] [23] [24] . Nam et al. [20] developed a lateral tire force sensors-based electric vehicle sideslip angle control strategy, in which extended Kalman filtering was designed to estimate vehicle running states and provide the inputs to the vehicle lateral stability controller. Chen et al. [23] presented an adaptive energy optimization control distribution method to make distributed control actuation gradually converge to energy-optimal operating points by solving nonlinear optimization problems. Dizqah et al. [24] proposed a driving torque optimal allocation method using a solution method for a vehicle speed-based parameter optimization problem; experiments have been carried out, and the energy-saving effect has been confirmed. Observing the existing literature, we can see that most of the literature investigates vehicle stability control and vehicle energy optimization control through directional tire force distribution. There are few studies on the coordinated control of vehicle stability improvement and vehicle energy optimization. If the driving characteristics of an in-wheel motor drive electric vehicle are fully utilized and the corresponding coordinated control strategy is designed, the vehicle stability can be well ensured, and the energy utilization rate of the vehicle can be improved at the same time.
In this paper, motivated by the above analysis, a hierarchical coordinated control method of an in-wheel motor drive electric vehicle based on energy optimization is proposed. The driving architecture of an in-wheel motor drive electric vehicle is designed, and the corresponding simulation model in CarSim software and the bicycle model of an electric vehicle are established for the basis of this work. The analysis of energy-saving feasibility is carried out according to the motor efficiency map, and the hierarchical coordinated control method is finally designed to achieve the energy optimization control and vehicle stability control, which has certain theoretical research significance and engineering application value.
The rest of this paper is organized as follows. The driving architecture and dynamic model of an electric vehicle are presented in Section 2. The energy-saving feasibility of an in-wheel motor drive electric vehicle is analyzed in Section 3. The hierarchical coordinated control method based on energy optimization is designed in Section 4. The simulation results are provided in Section 5, and the conclusive remarks are presented in Section 6.
Driving Architecture and Dynamic Model of an Electric Vehicle

Driving Architecture and Simulation Modeling
In order to facilitate the study of all the vehicle characteristics of a four-wheel independent drive electric vehicle, a four-wheel independent drive test prototype vehicle was designed based on a pure electric vehicle, and its driving architecture is shown in Figure 1 . In order to realize four-wheel independent driving, four in-wheel motors are installed at each wheel of the test prototype vehicle as driving motors. Considering the factors of power density, volume, weight, and price, a permanent magnet brushless DC motor is selected as the in-wheel motor. In order to realize the dynamic control of the whole four-wheel independent drive electric vehicle, the rapid prototyping platform (RPP) is used to build the vehicle controller network and its electronic and electrical architecture. The vehicle is equipped with a high-precision global positioning system (GPS) and inertial navigation system (INS) to measure the cruising trajectory and body posture of the vehicle. In addition, the vehicle is equipped with a current sensor, wheel speed sensor, and voltage sensor to record the status of the in-wheel motors. prototyping platform (RPP) is used to build the vehicle controller network and its electronic and electrical architecture. The vehicle is equipped with a high-precision global positioning system (GPS) and inertial navigation system (INS) to measure the cruising trajectory and body posture of the vehicle. In addition, the vehicle is equipped with a current sensor, wheel speed sensor, and voltage sensor to record the status of the in-wheel motors. CarSim is the common and convenient vehicle dynamics simulation software, and its computing power is more than three to six times faster than the actual situation. It can be used to realize the simulation analysis of vehicle response to the driver, road surface, and aerodynamic input. It can be used to achieve a simulation analysis of important indexes in vehicle handling stability, ride comfort, dynamic property, braking performance, and economy. CarSim software can define the simulation environment and simulation process according to the needs of developers, and can set the simulation parameters and characteristic files of vehicle control systems by itself. The existing vehicle dynamics simulation models in CarSim software are designed for traditional internal combustion engine vehicles, and the distributed drive electric vehicle model that we need to build is driven directly by in-wheel motors, which means that the original default engine, gearbox, differential, and other transmission systems in the CarSim model need to be deleted, as shown in Figure 2 . According to the vehicle parameters in Table 1 , the dynamic model of the whole distributed drive electric vehicle is built. At the same time, the drive torque output model of an in-wheel motor is built to replace the original transmission system and realize the real distributed drive electric vehicle modeling. CarSim is the common and convenient vehicle dynamics simulation software, and its computing power is more than three to six times faster than the actual situation. It can be used to realize the simulation analysis of vehicle response to the driver, road surface, and aerodynamic input. It can be used to achieve a simulation analysis of important indexes in vehicle handling stability, ride comfort, dynamic property, braking performance, and economy. CarSim software can define the simulation environment and simulation process according to the needs of developers, and can set the simulation parameters and characteristic files of vehicle control systems by itself. The existing vehicle dynamics simulation models in CarSim software are designed for traditional internal combustion engine vehicles, and the distributed drive electric vehicle model that we need to build is driven directly by in-wheel motors, which means that the original default engine, gearbox, differential, and other transmission systems in the CarSim model need to be deleted, as shown in Figure 2 . According to the vehicle parameters in Table 1 , the dynamic model of the whole distributed drive electric vehicle is built. At the same time, the drive torque output model of an in-wheel motor is built to replace the original transmission system and realize the real distributed drive electric vehicle modeling. 
Vehicle Dynamic Model
A bicycle model is established to characterize vehicle dynamics behavior in lateral and yaw-direction motions. The origin of the dynamic coordinate system XY is fixed on the vehicle and coincides with the center of gravity of the vehicle. The X-axis represents the longitudinal axle of the vehicle, and the Y-axis represents the horizontal axle of the vehicle. It is assumed that the mechanical properties of each tire are the same. The schematic diagram of the vehicle dynamic model is shown in Figure 3 , and the vehicle dynamics equation is expressed as:
where vx represents the longitudinal vehicle speed, γ is the yaw rate of the vehicle, m is the vehicle mass, β denotes the vehicle sideslip angle, Iz stands for the moment of inertia, lf and lr are the distances from vehicle gravity center to the front and rear axle, respectively, and Fyf and Fyr are the 
where v x represents the longitudinal vehicle speed, γ is the yaw rate of the vehicle, m is the vehicle mass, β denotes the vehicle sideslip angle, I z stands for the moment of inertia, l f and l r are the distances from vehicle gravity center to the front and rear axle, respectively, and F yf and F yr are the generalized front and rear lateral forces, respectively, i.e., F yf = F y1 + F y2 , F yr = F y3 + F y4 . ∆M z is the external yaw moment generated by four in-wheel motors, which can be expressed as:
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where b f,r is the half tread of the wheel base, δ is the steering angle of the front wheels, F xj (j = 1, 2, 3, 4) represents the longitudinal force of the ith tire. Assuming that the steering angle of the front wheel is small and the tire operates in a linear area, F yf and F yr can be given by:
where C f expresses the cornering stiffness of the front tires, C r expresses the cornering stiffness of the rear tires, α f represents the slip angle of the front tires, α r represents the slip angle of the rear tires, and the tire slip angle can be obtained as:
According to the above equations, the vehicle dynamic model is written as:
.
World Electric Vehicle Journal 2019, 10, 15 5 of 19 generalized front and rear lateral forces, respectively, i.e., Fyf = Fy1
Δ is the external yaw moment generated by four in-wheel motors, which can be expressed as:
where bf,r is the half tread of the wheel base, δ is the steering angle of the front wheels, Fxj (j = 1,2,3,4) represents the longitudinal force of the ith tire. Assuming that the steering angle of the front wheel is small and the tire operates in a linear area, Fyf and Fyr can be given by:
where Cf expresses the cornering stiffness of the front tires, Cr expresses the cornering stiffness of the rear tires, αf represents the slip angle of the front tires, αr represents the slip angle of the rear tires, and the tire slip angle can be obtained as:
According to the above equations, the vehicle dynamic model is written as: 
Analysis of Energy-Saving Feasibility
The drive efficiency characteristics of in-wheel motors installed on distributed drive electric vehicles are one of the important bases for optimizing the torque distribution results to achieve the energy-saving purpose of distributed drive electric vehicles. In order to obtain the driving efficiency characteristics of an in-wheel motor, the experimental data collected from the bench test of an in-wheel motor were analyzed in Matlab, and the motor efficiency under different torque/speeds was calculated with different motor control signals being given. The efficiency map of an in-wheel motor is drawn, as shown in Figure 4 . Figure 4 shows that the real-time efficiency of the motor is different when the torque and speed are different. At the same speed, the influence caused by the change of motor speed on motor efficiency is relatively small, while at the same speed, the influence caused by the change of motor torque on motor efficiency is more obvious. According to the distribution law of motor efficiency, the motor efficiency is relatively low when the torque is large or small, and higher in the middle of the torque. Thus, the principle of the energy-saving torque optimization distribution method of distributed drive electric vehicles is described as: by reasonably distributing the torque of the driving motor, the torque of the driving motor can avoid becoming too large or too small, and work at the higher-efficiency working point as far as possible. 
The drive efficiency characteristics of in-wheel motors installed on distributed drive electric vehicles are one of the important bases for optimizing the torque distribution results to achieve the energy-saving purpose of distributed drive electric vehicles. In order to obtain the driving efficiency characteristics of an in-wheel motor, the experimental data collected from the bench test of an in-wheel motor were analyzed in Matlab, and the motor efficiency under different torque/speeds was calculated with different motor control signals being given. The efficiency map of an in-wheel motor is drawn, as shown in Figure 4 . Figure 4 shows that the real-time efficiency of the motor is different when the torque and speed are different. At the same speed, the influence caused by the change of motor speed on motor efficiency is relatively small, while at the same speed, the influence caused by the change of motor torque on motor efficiency is more obvious. According to the distribution law of motor efficiency, the motor efficiency is relatively low when the torque is large or small, and higher in the middle of the torque. Thus, the principle of the energy-saving torque optimization distribution method of distributed drive electric vehicles is described as: by reasonably distributing the torque of the driving motor, the torque of the driving motor can avoid becoming too large or too small, and work at the higher-efficiency working point as far as possible. Under normal working conditions, it is considered that the torque of the left and right wheels is equal, so the energy-saving torque optimization distribution can be approximated as the problem of torque allocation between the front and rear axles.
torque allocation between the front and rear axles.
The in-wheel motors installed on distributed drive electric vehicles are of the same type; therefore, it can be concluded that the driving efficiency characteristics of the four in-wheel motors are basically the same. Referring to the control network system of a distributed drive electric vehicle, the real-time distribution of the driving torque of four in-wheel motors can be achieved by changing the control signal voltage of the motor controller. A reasonable real-time distribution of the driving motor's torque according to the driving torque requirement can make the in-wheel motor work as efficiently as possible under the current driving demand, so as to improve the driving efficiency and reduce the vehicle's energy consumption. 
Hierarchical Coordinated Control Method Based on Energy Optimization
Overall Control Strategy
The proposed overall control strategy is shown in Figure 5 . The hierarchical control method is designed, including an upper layer controller, a middle layer controller, and a lower layer controller. The upper layer controller is used to decide the control mode based on energy optimization. The driving mode 1 is front-wheel drive, and the driving mode 2 is four-wheel independent drive. In the middle layer controller, a vehicle stability controller is presented using a sliding mode controller. The vehicle stability controller in the middle layer will produce the required steering angle of the front wheel and an additional yaw moment, the required steering angle of the front wheel is directly fed into the electric vehicle, and the required additional yaw moment is used as the input of the lower layer controller. In the lower layer controller, different torque distribution methods are designed according to different driving modes. If mode 1 is chosen, the differential torque distribution method between the front wheels is applied, and if mode 2 is chosen, the optimal torque distribution method between the four wheels is applied. The in-wheel motors installed on distributed drive electric vehicles are of the same type; therefore, it can be concluded that the driving efficiency characteristics of the four in-wheel motors are basically the same. Referring to the control network system of a distributed drive electric vehicle, the real-time distribution of the driving torque of four in-wheel motors can be achieved by changing the control signal voltage of the motor controller. A reasonable real-time distribution of the driving motor's torque according to the driving torque requirement can make the in-wheel motor work as efficiently as possible under the current driving demand, so as to improve the driving efficiency and reduce the vehicle's energy consumption.
Hierarchical Coordinated Control Method Based on Energy Optimization
Overall Control Strategy
The proposed overall control strategy is shown in Figure 5 . The hierarchical control method is designed, including an upper layer controller, a middle layer controller, and a lower layer controller. The upper layer controller is used to decide the control mode based on energy optimization. The driving mode 1 is front-wheel drive, and the driving mode 2 is four-wheel independent drive. In the middle layer controller, a vehicle stability controller is presented using a sliding mode controller. The vehicle stability controller in the middle layer will produce the required steering angle of the front wheel and an additional yaw moment, the required steering angle of the front wheel is directly fed into the electric vehicle, and the required additional yaw moment is used as the input of the lower layer controller. In the lower layer controller, different torque distribution methods are designed according to different driving modes. If mode 1 is chosen, the differential torque distribution method between the front wheels is applied, and if mode 2 is chosen, the optimal torque distribution method between the four wheels is applied. Under normal working conditions, it is considered that the torque of the left and right wheels is equal, so the energy-saving torque optimization distribution can be approximated as the problem of torque allocation between the front and rear axles. The in-wheel motors installed on distributed drive electric vehicles are of the same type; therefore, it can be concluded that the driving efficiency characteristics of the four in-wheel motors are basically the same. Referring to the control network system of a distributed drive electric vehicle, the real-time distribution of the driving torque of four in-wheel motors can be achieved by changing the control signal voltage of the motor controller. A reasonable real-time distribution of the driving motor's torque according to the driving torque requirement can make the in-wheel motor work as efficiently as possible under the current driving demand, so as to improve the driving efficiency and reduce the vehicle's energy consumption. 
Hierarchical Coordinated Control Method Based on Energy Optimization
Overall Control Strategy
The proposed overall control strategy is shown in Figure 5 . The hierarchical control method is designed, including an upper layer controller, a middle layer controller, and a lower layer controller. The upper layer controller is used to decide the control mode based on energy optimization. The driving mode 1 is front-wheel drive, and the driving mode 2 is four-wheel independent drive. In the middle layer controller, a vehicle stability controller is presented using a sliding mode controller. The vehicle stability controller in the middle layer will produce the required steering angle of the front wheel and an additional yaw moment, the required steering angle of the front wheel is directly fed into the electric vehicle, and the required additional yaw moment is used as the input of the lower layer controller. In the lower layer controller, different torque distribution methods are designed according to different driving modes. If mode 1 is chosen, the differential torque distribution method between the front wheels is applied, and if mode 2 is chosen, the optimal torque distribution method between the four wheels is applied. 
Upper Layer Controller: Driving Mode Decision
Under the same driving conditions, the vehicle has the same torque demand and speed: that is, the same output power. If the efficiency of the motor is improved, the input power is reduced under the same power demand, which has the function of improving the energy utilization rate and saving energy consumption. The objective function for improving the motor efficiency is written as:
where T d is the total torque requirement, n is the motor speed, λ r is the torque distribution coefficient of the rear axle, η T f , n is the motor driving efficiency of the front axle, and η(T r , n) is the motor driving efficiency of the rear axle. The constraint condition can be expressed as: 0 ≤ λ r ≤ 0.5, 0 ≤ 0.5λ r T d ≤ T max , and 0 ≤ 0.5(1 − λ r )T d ≤ T max , where T max represents the maximum motor torque. It can be found that when the result of torque optimization is single-axle drive, the front-axle drive is adopted by default, which contributes to the design of vehicle stability control, and the related methods will be introduced in the next section. The optimization problem is equivalent to solving the nonlinear constrained global optimization problem, so as to obtain the optimal solution. Based on the measured data obtained from the bench test of an in-wheel motor, the optimal rear-axle torque distribution coefficient of the given torque and speed is obtained by offline optimization calculation, as shown in Figure 6 . In the real-time control process, the optimal allocation coefficient is obtained by looking up the table according to the current torque and speed using the 2D Lookup Table module in Simulink. From Figure 6 , it can be seen that the distributed torque of the front and rear axles is mainly related to the total torque demand. When the demand of the torque is small, the torque distribution coefficient of the front axle is one, which increases the motor torque and makes the working point of the motor approach the high-efficiency area. When the torque demand is large, the torque distribution tends to be average, so as to prevent the reduction of the efficiency caused by the excessive torque of a single motor. Consequently, the driving mode decision can be carried out according to current torque demand and vehicle speed demand.
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Upper Layer Controller: Driving Mode Decision
where Td is the total torque requirement, n is the motor speed, r λ is the torque distribution coefficient of the rear axle, ( )
It can be found that when the result of torque optimization is single-axle drive, the front-axle drive is adopted by default, which contributes to the design of vehicle stability control, and the related methods will be introduced in the next section.
The optimization problem is equivalent to solving the nonlinear constrained global optimization problem, so as to obtain the optimal solution. Based on the measured data obtained from the bench test of an in-wheel motor, the optimal rear-axle torque distribution coefficient of the given torque and speed is obtained by offline optimization calculation, as shown in Figure 6 . In the real-time control process, the optimal allocation coefficient is obtained by looking up the table according to the current torque and speed using the 2D Lookup Table module in Simulink. From Figure 6 , it can be seen that the distributed torque of the front and rear axles is mainly related to the total torque demand. When the demand of the torque is small, the torque distribution coefficient of the front axle is one, which increases the motor torque and makes the working point of the motor approach the high-efficiency area. When the torque demand is large, the torque distribution tends to be average, so as to prevent the reduction of the efficiency caused by the excessive torque of a single motor. Consequently, the driving mode decision can be carried out according to current torque demand and vehicle speed demand. 
Middle Layer Controller: Vehicle Stability Control
According to Equation (6) and Equation (7), the state space equation of a vehicle dynamic model is derived as: Motor speed (r/min) Torqure demand (Nm) Distribution coefficient of rear axle 
According to Equation (6) and Equation (7), the state space equation of a vehicle dynamic model is derived as:
World
where
Considering the system interference, the state space equation is rewritten as:
where d is the system interference. Denoting the desired vehicle stability state as β d γ d T , the stability control error can be expressed as e = e β e γ
And the exponential approach law is designed as:
where η = diag η 1 η 2 , η 1 > 0, and η 2 > 0; ξ = diag ξ 1 ξ 2 , ξ 1 > 0, and ξ 2 > 0; and
T . The control input of the vehicle stability controller is designed as:
In order to prove the stability and convergence of the vehicle stability controller, the Lyapunov function is designed as:
Calculating the derivatives of Equation (14), we have:
Substituting the control input in Equation (13) into Equation (15), we have:
where ξ min = min(ξ 1 , ξ 2 ). According to Formula (16), it can be found that, with the right choice of controller parameters, the stability condition V ≤ 0 can be satisfied.
Lower Layer Controller: Optimal Torque Distribution Method in Different Driving Modes
In the middle layer controller, the required additional yaw moment is obtained. In this section, the torque distribution method is developed to meet the yaw moment requirement. If the current driving mode is mode 1-that is to say, front wheel drive-the differential torque distribution mean is applied. In this condition, the additional longitudinal forces ∆F x and −∆F x are respectively added to the front-left wheel and front-right wheel to generate the additional yaw moment, and we have:
If the current driving mode is mode 2, the global optimal torque distribution method is designed. The cost function for meeting the yaw moment requirement is expressed as:
is obtained by Equation (3),
is the distribution matrix of J 1 , and
 is the distribution matrix of J 2 . The control item J 1 is used to supervise the longitudinal force and make it adaptive to the vertical load. The control item J 2 is used to meet the yaw moment control requirement.
In order to compute the optimal extremum of objective function, solving ∂J ∂F x = 0, we have:
Then, the distributed tire force is given by:
Simulation Results
In order to verify the control effect of the hierarchical control method proposed in this paper, the simulation verification is carried out in the CarSim Simulink co-simulation platform.
Double Lane Change Manoeuvre
In case study 1, the simulation condition is shown in Figure 7 , including the planned vehicle speed and planned double lane change (DLC) manoeuver trajectory. The road friction coefficient is 1.0 in the simulation. In addition, in order to reflect the effectiveness of the designed control method, the rear wheel drive mode is used for comparison.
where cos sin cos sin cos sin cos sin 
is the distribution matrix of 2 J . The control item 1 J is used to supervise the longitudinal force and make it adaptive to the vertical load. The control item 2 J is used to meet the yaw moment control requirement.
In order to compute the optimal extremum of objective function, solving 0
Simulation Results
Double Lane Change Manoeuvre
In case study 1, the simulation condition is shown in Figure 7 , including the planned vehicle speed and planned double lane change (DLC) manoeuver trajectory. The road friction coefficient is 1.0 in the simulation. In addition, in order to reflect the effectiveness of the designed control method, the rear wheel drive mode is used for comparison. The driving demand torque can be calculated from the driving equation:
where A represents the front face area of the vehicle, ρ represents the air density, C d represents the air drag coefficient, and F f represents the rolling resistance. By calculation, the vehicle torque demand is obtained and can be shown in Figure 8 . It can be found that when the vehicle is accelerating, because of the existence of vehicle acceleration, the vehicle torque demand is relatively larger. When the vehicle drives at a uniform speed, the vehicle torque demand is relatively smaller. The driving demand torque can be calculated from the driving equation:
where A represents the front face area of the vehicle, ρ represents the air density, Cd represents the air drag coefficient, and Ff represents the rolling resistance. By calculation, the vehicle torque demand is obtained and can be shown in Figure 8 . It can be found that when the vehicle is accelerating, because of the existence of vehicle acceleration, the vehicle torque demand is relatively larger. When the vehicle drives at a uniform speed, the vehicle torque demand is relatively smaller. Figure 9 shows the torque distribution results. It can be found that in the process of vehicle acceleration, the optimal torque distribution tends to average the torque distribution between four wheels; however, the driving torque of the four wheels is slightly different to provide the additional yaw moment for vehicle stability control. In the process of the vehicle driving at the uniform speed, the result of optimal torque distribution tends to be front-wheel drive. At this time, the driving torque is approximately the same as rear-wheel drive. In the process of vehicle acceleration, the vehicle torque demand is large; if the driving torque of the four motors is controlled to be almost equal and not too large, the driving efficiency of the in-wheel motors will be improved. When driving at a uniform speed, the vehicle torque demand is smaller. Therefore, the front-wheel drive mode is applied to avoid an excessive driving torque and low driving efficiency for each single motor. Consequently, the designed control method is helpful to ensure that the motor works in the high-efficiency area. Figure 9 shows the torque distribution results. It can be found that in the process of vehicle acceleration, the optimal torque distribution tends to average the torque distribution between four wheels; however, the driving torque of the four wheels is slightly different to provide the additional yaw moment for vehicle stability control. In the process of the vehicle driving at the uniform speed, the result of optimal torque distribution tends to be front-wheel drive. At this time, the driving torque is approximately the same as rear-wheel drive. In the process of vehicle acceleration, the vehicle torque demand is large; if the driving torque of the four motors is controlled to be almost equal and not too large, the driving efficiency of the in-wheel motors will be improved. When driving at a uniform speed, the vehicle torque demand is smaller. Therefore, the front-wheel drive mode is applied to avoid an excessive driving torque and low driving efficiency for each single motor. Consequently, the designed control method is helpful to ensure that the motor works in the high-efficiency area. The motor efficiency is shown in Figure 10 . In the acceleration process, the motor driving efficiency of the optimal torque distribution method is about 0.78, and the motor driving efficiency of the rear-wheel drive mode is about 0.58. In the uniform speed process, the motor driving efficiency of the optimal torque distribution method is the same as that of the rear-wheel drive mode at about 0.63. The global motor efficiency of the optimal torque distribution method is better than that of rear-wheel drive. The motor efficiency is shown in Figure 10 . In the acceleration process, the motor driving efficiency of the optimal torque distribution method is about 0.78, and the motor driving efficiency of the rear-wheel drive mode is about 0.58. In the uniform speed process, the motor driving efficiency of the optimal torque distribution method is the same as that of the rear-wheel drive mode at about 0.63. The global motor efficiency of the optimal torque distribution method is better than that of rear-wheel drive. The motor efficiency is shown in Figure 10 . In the acceleration process, the motor driving efficiency of the optimal torque distribution method is about 0.78, and the motor driving efficiency of the rear-wheel drive mode is about 0.58. In the uniform speed process, the motor driving efficiency of the optimal torque distribution method is the same as that of the rear-wheel drive mode at about 0.63. The global motor efficiency of the optimal torque distribution method is better than that of rear-wheel drive. The driving condition and planned vehicle speed of the optimal torque distribution method and rear-wheel drive is same; that is to say, the output power of the in-wheel motors is same. Then, the input load power of all the motors can be obtained by multiplying the torque by the speed and dividing it by the motor efficiency. The total motor load power is shown in Figure 11 . It can be found that the motor load power of the optimal torque distribution method is obviously lower than that of rear-wheel drive during the vehicle acceleration process, and the motor load power of the optimal torque distribution method is approximately equal to that of rear-wheel drive during a uniform speed process. Overall, the designed control method with the optimal torque distribution method significantly reduces the load power of the vehicle and improves the energy utilization rate. According to the integral operation of motor load power, the energy consumption is obtained. The energy consumption of the optimal torque distribution method and rear wheel drive is 224.35 KJ and 151.63 KJ, respectively. The energy consumption is decreased by 32.41%. The driving condition and planned vehicle speed of the optimal torque distribution method and rear-wheel drive is same; that is to say, the output power of the in-wheel motors is same. Then, the input load power of all the motors can be obtained by multiplying the torque by the speed and dividing it by the motor efficiency. The total motor load power is shown in Figure 11 . It can be found that the motor load power of the optimal torque distribution method is obviously lower than that of rear-wheel drive during the vehicle acceleration process, and the motor load power of the optimal torque distribution method is approximately equal to that of rear-wheel drive during a uniform speed process. Overall, the designed control method with the optimal torque distribution method significantly reduces the load power of the vehicle and improves the energy utilization rate. According to the integral operation of motor load power, the energy consumption is obtained. The energy consumption of the optimal torque distribution method and rear wheel drive is 224.35 KJ and 151.63 KJ, respectively. The energy consumption is decreased by 32.41%. The vehicle stability control results are shown in Figure 12 . In Figure 12a , compared with the rear-wheel drive, the yaw rate of the proposed control method can track the desired yaw rate with high accuracy and good real-time performance. In Figure 12b , the sideslip angle of rear-wheel drive is about twice as much as the sideslip angle of the proposed control method. Figure 12 verifies that the designed control method can synchronously ensure vehicle yaw stability and lateral stability; therefore, the proposed control method in this paper can achieve energy optimization and stability control of the electric vehicle at the same time. The vehicle stability control results are shown in Figure 12 . In Figure 12a , compared with the rear-wheel drive, the yaw rate of the proposed control method can track the desired yaw rate with high accuracy and good real-time performance. In Figure 12b , the sideslip angle of rear-wheel drive is about twice as much as the sideslip angle of the proposed control method. Figure 12 verifies that the designed control method can synchronously ensure vehicle yaw stability and lateral stability; therefore, the proposed control method in this paper can achieve energy optimization and stability control of the electric vehicle at the same time. Figure 11 . Total motor load power in case study 1. The vehicle stability control results are shown in Figure 12 . In Figure 12a , compared with the rear-wheel drive, the yaw rate of the proposed control method can track the desired yaw rate with high accuracy and good real-time performance. In Figure 12b , the sideslip angle of rear-wheel drive is about twice as much as the sideslip angle of the proposed control method. Figure 12 verifies that the designed control method can synchronously ensure vehicle yaw stability and lateral stability; therefore, the proposed control method in this paper can achieve energy optimization and stability control of the electric vehicle at the same time. 
J-turn Manoeuver
To further verify the proposed control method, in case study 2, the simulation validation of the J-turn manoeuver is carried out to reflect the control effect under the more complex working 
J-Turn Manoeuver
To further verify the proposed control method, in case study 2, the simulation validation of the J-turn manoeuver is carried out to reflect the control effect under the more complex working condition of violent steering. The simulation condition is shown in Figure 13 , including the planned vehicle speed and steering wheel angle of the J-turn manoeuver. The road friction coefficient is 0.8 in the simulation. Similarly, according to Equation (21) , the demanded torque in case study 2 can be obtained and shown in Figure 14 . One can find that the demanded torque in case study 2 is relatively larger than that of case study 1, due to the acceleration manoeuver, which means that the result of the optimal torque allocation is more inclined to four-wheel allocation in coordinated control, so as to reduce the load torque of each single motor, and thereby improving the driving efficiency of the in-wheel motor. The torque distribution results can be seen in Figure 15 . It can be found that on the whole, the result of torque distribution tends to be four-wheel average distribution in coordinated control, and there are some differences in the four-wheel drive torque directly to generate an additional yaw moment. In the result of torque allocation of rear-wheel drive, the driving torque of each single motor is greatly increased, which is about twice the driving torque under coordinated control, and will lead to a great reduction in the motor efficiency. The motor efficiency in case study 2 is shown in Figure 16 . As shown in Figure 16 , the simulation results coincide with our analysis. The motor driving efficiency under coordinated control exceeds 0.7, which is much higher than that under rear-wheel drive. In the same way, the total motor load power is computed and shown in Figure 17 . We can find that the energy utilization ratio of the whole vehicle is improved, and the overall load power is greatly reduced under coordinated control. Accordingly, the energy consumption is case study 2 can be achieved, and the energy consumption rates of coordinated control and rear-wheel drive are 247.83 KJ and 134.02 KJ, respectively. The energy consumption is decreased by 45.92%. The vehicle stability control results in case study 2 can be seen in Figure 18 . Through comparative analysis, it can be seen that the yaw rate of a vehicle under coordinated control can track the desired yaw rate in real time with good accuracy, while the yaw rate of a vehicle under rear-wheel drive deviates significantly from the desired yaw rate. Moreover, the sideslip angle of coordinated control is also significantly smaller than that under rear-wheel drive. It can be found that the proposed coordinated control method can achieve energy-saving control while ensuring the stability of the vehicle even under severe steering conditions. with our analysis. The motor driving efficiency under coordinated control exceeds 0.7, which is much higher than that under rear-wheel drive. In the same way, the total motor load power is computed and shown in Figure 17 . We can find that the energy utilization ratio of the whole vehicle is improved, and the overall load power is greatly reduced under coordinated control. Accordingly, the energy consumption is case study 2 can be achieved, and the energy consumption rates of coordinated control and rear-wheel drive are 247.83 KJ and 134.02 KJ, respectively. The energy consumption is decreased by 45.92%. The vehicle stability control results in case study 2 can be seen in Figure 18 . Through comparative analysis, it can be seen that the yaw rate of a vehicle under coordinated control can track the desired yaw rate in real time with good accuracy, while the yaw rate of a vehicle under rear-wheel drive deviates significantly from the desired yaw rate. Moreover, the sideslip angle of coordinated control is also significantly smaller than that under rear-wheel drive. It can be found that the proposed coordinated control method can achieve energy-saving control while ensuring the stability of the vehicle even under severe steering conditions.
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ECE Manoeuver
In order to verify the energy-saving effect of the proposed method under standard operating conditions, the simulation of an economic commission for Europe (ECE) manoeuver is carried out in case study 3. In the simulation of an ECE manoeuver, the steering control of vehicle is not implemented, and only the energy-saving effect under the standard working conditions is verified. The ECE urban cycle manoeuver for simulation is shown in Figure 19 , and corresponding demand 
In order to verify the energy-saving effect of the proposed method under standard operating conditions, the simulation of an economic commission for Europe (ECE) manoeuver is carried out in case study 3. In the simulation of an ECE manoeuver, the steering control of vehicle is not implemented, and only the energy-saving effect under the standard working conditions is verified. The ECE urban cycle manoeuver for simulation is shown in Figure 19 , and corresponding demand torque is shown in Figure 20 . We can find that the speed under standard conditions is relatively low, and the vehicle demand torque is relatively small. The torque distribution results in case study 3 are shown in Figure 21 . One can find that in the first acceleration process, because the demand torque of the vehicle is relatively large, the coordinated control method chooses to reduce the load torque of each single motor by means of the average distribution of the front and rear axles. In the other acceleration and uniform speed processes, because the vehicle needs less torque, the torque distribution results under coordinated control are basically consistent with the rear-wheel drive. The motor efficiency in simulation is shown in Figure 22 . It can be found that in the first acceleration process, the motor efficiency under coordinated control is higher than that of rear-wheel drive, and in the other acceleration and uniform speed processes, owning to the same torque distribution results, the motor efficiency under two driving modes is basically the same. In the same way, the total motor load power in case study 3 is computed and shown in Figure 23 , and the motor load power of the coordinated control method in the first acceleration process is obviously smaller than that of the rear-wheel drive method. The total energy consumption of the coordinated control method and rear-wheel drive in the ECE urban cycle manoeuver is 2257.54 KJ and 2349.46 KJ, respectively, and the energy consumption is decreased by 4.07%.
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Conclusions
This paper presents a hierarchical coordinated control method of an in-wheel motor drive electric vehicle based on energy optimization. The driving architecture and control network 
This paper presents a hierarchical coordinated control method of an in-wheel motor drive electric vehicle based on energy optimization. The driving architecture and control network framework of the electric vehicle is designed using the RPP, and to facilitate and promote the following further research, vehicle modeling in CarSim software is carried out. In order to characterize vehicle dynamics behavior, a bicycle model is established. The efficiency map of the in-wheel motor is drawn and the efficiency characteristics of the motor are analyzed. After that, the energy-saving feasibility analysis of an in-wheel motor drive electric vehicle is carried out. Considering the energy optimization of the whole vehicle, the hierarchical coordinated control method is designed, including an upper layer controller, a middle layer controller, and a lower layer controller. The upper layer controller is used to decide the driving mode of the electric vehicle on the basis of the motor efficiency characteristics. The middle layer controller is used to generate the real-time control quantity of the front-wheel steering angle and an additional yaw moment using sliding mode control. The lower layer controller is used to distribute the tire force according to the driving mode decision from the upper layer controller and the additional yaw moment requirement from the middle layer controller. The simulation verification is implemented in the CarSim Simulink co-simulation platform, and the results show that the presented
